The electrophysiological properties of subendocardial Purkinje fibers surviving in myocardial infarcts were studied with intracellular microelectrodes in isolated superfused preparations and correlated with subsequent light and electron microscopic studies. Transmembrane action potentials could always be recorded from one or two cell layers of subendocardial Purkinje fibers in infarcted regions 3 days to 7 weeks after coronary artery occlusion; ventricular muscle action potentials were rarely found. Microscopic studies also demonstrated several layers of intact subendocardial Purkinje fibers; the subjacent ventricular muscle cells were irreversibly injured and replaced by scar. At all From the
time intervals, surviving Purkinje fibers had significantly reduced maximum diastolic potentials, action potential amplitudes, and depolarization velocities as well as prolonged action potential durations. These parameters normalized between 24 hours and 7 weeks after coronary artery occlusion. Surviving Purkinje fibers with electrophysiological abnormalities at 24 hours and 3 days contained vast lipid deposits. Lipid was less prevalent at 10 days when action potential characteristics had improved. By 7 weeks, action potentials were nearly normal and lipid was absent. Subendocardial Purkinje fibers surviving in infarcts are subject to conditions which cause electrophysiological and ultrastructural abnormalities. Persistent abnormalities in the electrophysiological properties of these surviving Purkinje fibers may cause persistent altered electrophysiological properties of the infarcted heart.
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• Twenty-four hours after extensive anteroseptal myocardial infarction has been produced in dogs by a two-stage ligation of the left anterior descending coronary artery the subendocardial Purkinje network over the infarcted region remains structurally intact and electrophysiologically viable (1) (2) (3) (4) , but no electrical activity can be recorded from underlying ventricular muscle fibers. Since the electrophysiological properties of the surviving subendocardial Purkinje fibers are abnormal, it has been postulated that they are a site of origin of the ventricular arrhythmias which occur in the canine heart at this time after infarction (1) (2) (3) . When myocardial infarction is produced in the dog by this technique (5, 6) , the severity of the ventricular arrhythmias and the electrical instability of the heart decline at times greater than 24 hours after coronary artery ligation. If the surviving subendocardial Purkinje fibers are involved in arrhythmia genesis 24 hours after coronary ligation, either the eventual death of such surviving fibers or the reversal of their electrophysiological abnormalities may be related to the return of electrical stability of the heart as time progresses after the coronary artery occlusion. The present study was undertaken to determine which of these events occurs.
Occlusion of a major coronary artery in the dog also leads to profound ultrastructural disturbances in the area of the heart deprived of its normal blood supply (7, 8) . Some of the electrophysiological disturbances which give rise to arrhythmias after infarc-127 tion may be caused by or related to changes in the fine structure of cardiac fibers within the ischemic or infarcted region. Therefore, the present study was also undertaken to correlate the electrophysiological abnormalities of subendocardial Purkinje fibers surviving in the infarcted region with their fine structure and to compare their fine structure with that of the subendocardial ventricular muscle cells that ordinarily do not survive.
Methods

Surgical Production of Myocardial Infarction and In Vitro Electrophysiological
Studies.-Myocardial infarction was produced in 36 adult mongrel dogs (10-14 kg) by a two-stage ligation of the anterior descending coronary artery (5) . A detailed description of our surgical methods has been presented previously (1) . Three of the dogs died within the first 12 hours following surgery and 3 died between 4 days and 6 weeks after surgery. At various time intervals after coronary artery occlusion ranging from 24 hours to 7 weeks, dogs in the remaining group of 30 animals were anesthetized with sodium pentobarbital (15-30 rag/ kg, iv), and their hearts were rapidly excised and placed in a modified Tyrode's solution bubbled with a 95% O 2 -5% CO. mixture (1) . Seven hearts were excised for study 24 hours after coronary artery occlusion, five hearts at 3 days, and six each at 4 days, 10 days, and 7 weeks. The results of electrophysiological studies on the 24-hour infarcted hearts have been reported previously (1, 2) . Ultrastructural studies on these hearts are included in this report.
For electrophysiological studies, the infarcted region and adjacent segments of noninfarcted tissue were dissected free from the remainder of the heart, pinned to the waxed base of a 50-ml superfusion chamber with the endocardial surface upward, and superfused with the oxygenated Tyrode's solution at a rate of 25 ml/min. Temperature was maintained constant at 36.5 ± 0.5°C. The dissection procedure and the anatomical structures present in the isolated preparation have been reported previously (see Fig. 1 of ref. 1). In addition to the 30 isolated infarcted preparations, similar preparations were obtained from the hearts of six normal dogs that had not undergone coronary artery ligation. In the infarcted preparations, the basal part of the septum and the tip of the anterior papillary muscle were usually not included in the infarcted zone and showed no electrophysiological or histological changes due to ischemia. We will refer to such noninfarcted regions as control areas to distinguish them from the tissue in preparations excised from noninfarcted hearts, to which we will refer as normal.
The isolated preparations were stimulated electrically through Teflon-coated, bipolar silver wire electrodes placed on the free-running false tendon that coursed from the anterior division of the left bundle branch on the basal septum to the tip of the anterior papillary muscle. The basic stimulus cycle length was 800 msec for all experiments.
After an initial equilibration period of 60 minutes, transmembrane action potentials were recorded through glass capillary microelectrodes from subendocardial fibers at multiple sites on the endocardial surface of each preparation. The recording system for the electrophysiological studies and the methods for data collection and analysis were identical to those which we have previously described (1) . As the subendocardial regions were explored with the microelectrode, the location of each recording site on the endocardial surface was noted on a detailed drawing of the preparation, as were the transmembrane action potential characteristics of subendocardial fibers at each site. After the in vitro electrophysiological studies had been completed, this drawing permitted the selection of regions with known electrophysiological properties for histological and ultrastructural study.
Correlations betiveen Electrophysiology and Histology.-At the conclusion of the electrophysiological studies and after tissue had been selected for electron microscopy (see below), the histology of each preparation was studied to verify the extent of infarction and to correlate the anatomical location of the infarct and the extent of tissue damage with the results of electrophysiological studies. These methods have been described in our previous communication (1) .
Correlations between Electrophysiology and Ultrastructure.-In each experiment, tissue for electron microscopy was obtained at two different times; samples were taken initially from both infarcted and noninfarcted regions of the heart immediately after the heart was excised from the dog and before the preparation was mounted in the superfusion chamber and then again from both infarcted and noninfarcted regions of the isolated superfused preparation at the conclusion of the electrophysiological studies. Since action potential characteristics of subendocardial fibers varied between different regions of the preparation, tissue samples for electron microscopy encompassed only small areas on the endocardial surface (9-12 mm 2 ), within which action potential characteristics were relatively homogeneous. The time between the first and the second tissue sampling varied with each experiment but never exceeded 10 hours.
To correlate the ultrastructure of surviving subendocardial fibers with their electrophysiological properties, some means of orientation was required whereby the depth of individual fibers relative to the endocardial surface of the heart could be determined and preserved throughout the lengthy processes of tissue preparation. This goal was achieved in the following manner. Tissue was cut from the endocardial surface in the shape of flat rectangular blocks 3-4 mm in length and width and no more than 1-2 mm in thickness. These blocks were fixed overnight in chilled 2.0% glutaraldehyde in 0.1M phosphate buffer at pH 7.4 and then divided into three or four smaller blocks 3-4 mm in length and 1-2 mm in width and thickness. Care was taken to include the endocardial surface as one face of each of these smaller blocks. After washing in several changes of fresh phosphate buffer the tissue was then fixed for 1.5-2.0 hours in chilled 1.0% phosphate-buffered OsO 4 , dehydrated in increasing concentrations of ethanol, and embedded in flat molds in Durcupan Swiss Araldite. Thin sections were cut with glass or diamond knives on a Porter-Blum MT-1 ultramicrotome, stained with lead citrate (9) , and examined in an RCA-3G electron microscope. As a consequence of the plane of sectioning, a monocellular layer of endothelial cells that composed the endocardium could be identified in every thin section examined. Using this layer as a reference, the position of individual subendocardial fibers was approximated simply by counting the number of cell layers between the endocardium and any fiber of interest. A similar procedure was also followed to study the subendocardial fibers of noninfarcted tissue. It must be pointed out that our methods did not permit exact correlations between electrophysiological properties and ultrastructure, since we were unable to mark and identify in the electron microscope precisely the same fibers from which transmembrane action potentials had been recorded during the in vitro studies. However, our methods did enable us to make such correlations for relatively small populations of fibers that were well defined both in terms of anatomical location and depth beneath the endocardial surface.
Results
ELECTROPHYSIOLOGY OF SUBENDOCARDIAL FIBERS IN INFARCTED REGIONS 3 DAYS TO 7 WEEKS AFTER CORONARY ARTERY LIGATION
Electrical Activity in Subendocardial Regions of Infarcted Myocardium.-All surviving dogs subjected to ligation of the anterior descending coronary artery according to the technique described by Harris et al. (5) developed extensive myocardial infarction and ventricular arrhythmias by 24 hours after the coronary artery ligation. All ventricular arrhythmias had disappeared by 3 days after coronary artery occlusion. Also, the rapid, repetitive, spontaneous activity recorded in vitro from subendocardial Purkinje fibers in 24-hour infarcts (2) was not present at this time.
As we have previously described (1), at most recording sites in preparations from normal noninfarcted hearts, as the microelectrode was advanced downward through the subendocardium, 2-4 transmembrane action potentials characteristic of Purkinje fibers were encountered first. Beneath these subendocardial Purkinje fibers at least 15 Circulation Research, Vol. 36, January 1975 ventricular muscle action potentials were recorded as the microelectrode was advanced downward before destruction of the microelectrode tip occurred. In all infarcted preparations, 3 days to 7 weeks after coronary artery ligation, the portion of the papillary muscle above the insertion of the false tendon was not involved in the infarct. Action potentials could be recorded from 2-4 subendocardial Purkinje fibers and 15-20 ventricular muscle cells during downward advancement of the electrode in this region as in the noninfarcted preparations. In contrast to this pattern, at any given site in the infarcted region regardless of the time between coronary artery occlusion and the study, action potentials could usually be recorded from only 1 or 2 surviving subendocardial Purkinje fibers; further downward advancement of the microelectrode at such sites failed to reveal any evidence of additional transmembrane potentials. However, the number of cells from which action potentials could be recorded in 3-day to 7-week infarcts varied from site to site. At some sites, action potentials were recorded from 3 or even 4 cell layers of subendocardial Purkinje fibers as the electrode was advanced downward. Rarely, ventricular muscle action potentials could be recorded from several cell layers in addition to the subendocardial Purkinje fibers.
The pattern of surviving subendocardial Purkinje fibers and the paucity of electrophysiologically detectable ventricular muscle cells in 3-day to 7-week infarcts were identical to our previously reported findings at 24 hours after coronary artery occlusion (1). These results indicate that the subendocardial Purkinje fibers which survive in the infarcted region 24 hours after coronary artery occlusion do not eventually die but are still viable 7 weeks after the occlusion.
Action Potential Characteristics of Surviving Subendocardial Purkinje Fibers 3 Days to 7 Weeks after Coronary Artery Ligation.-Although subendocardial Purkinje fibers survived in the infarcted regions of preparations studied 3 days, 4 days, 10 days, and 7 weeks after coronary artery occlusion, the transmembrane action potentials that we recorded from these surviving fibers differed from those of normal subendocardial Purkinje fibers. Maximum diastolic potential, total action potential amplitude, and maximum All values are means ± SD. N = number of impalements, MDP = maximum diastolic potential, APA = action potential amplitude, and V max = maximum rate of depolarization.
All P values listed were derived from comparison with the normal noninfarcted preparations; NS = not significant. depolarization velocity (V max ) of the most superficial subendocardial Purkinje fibers (first cell layer) in the control regions of infarcted preparations studied at each time interval were not significantly different from those of subendocardial Purkinje fibers in the normal noninfarcted preparations (Table 1 ). In contrast to the control regions, for surviving subendocardial Purkinje fibers in the infarcted regions of preparations studied 3 days to 7 weeks after coronary artery liga-
Change in maximum diastolic potential (MDP) (left) and total action potential amplitude (APA) (right) of surviving subendocardial Purkinje fibers with increasing time after coronary artery ligation. Column heights represent mean values for the most superficial subendocardial Purkinje fibers (first cell layer) in six normal noninfarcted preparations (solid columns) and in the infarcted regions of each group of infarcted preparations (ruled columns) studied at the times indicated on the abscissa. Brackets indicate ± SE. N = the number of impalements from which mean values were calculated. Values for Purkinje fibers in infarcts excised 24 hours after ligation are from our previous study (1) but are included for comparison. tion, the mean values for maximum diastolic notential, action potential amplitude, and V max all were significantly reduced in comparison with the mean values for noninfarcted preparations (P < 0.001 at all times) ( Figs. 1, 2) . The mean value for maximum diastolic potential of surviving subendocardial Purkinje fibers in infarcted regions studied 3 days after coronary artery occlusion was significantly greater than the value we reported for Purkinje fibers in infarcted regions at 24 hours (P < 0.001) (1) but was still significantly less than normal (P < 0.001) ( Fig. 1 ). Maximum diastolic potential of surviving Purkinje fibers studied 4 days and 10 days after coronary artery occlusion was not significantly different than the value at 3 days. However, 7 weeks after coronary artery occlusion the mean value for maximum diastolic potential in the infarcted regions was greater than it had been at these earlier times (P < 0.001) ( Fig. 1 ), even though it was still significantly less than normal. A similar though slightly different pattern was noted for total action potential amplitude (Fig. 1) . The mean value for this parameter in infarcted regions studied at 3 days was also significantly greater than the value we reported for Purkinje fibers at 24 hours (P < 0.001) (1). Although mean action potential amplitude 4 days after coronary artery occlusion was not significantly different from that at 3 days, a small but significant increase was noted between 4 days and 10 days (P < 0.02) ( Fig. 1 ). This increase was followed by 
Change in maximum depolarization velocity (V max ) of surviving subendocardial Purkinje fibers with increasing time after coronary artery ligation. Column heights represent mean values for the most superficial subendocardial Purkinje fibers (first cell layer) in six normal noninfarcted preparations (solid column) and in the infarcted regions of each group of infarcted preparations (ruled columns) studied at the times indicated on the abscissa. Brackets indicate ± SE. N = the number of impalements from which mean values were calculated. Values for Purkinje fibers in infarcts excised 24 hours
after coronary artery ligation are from our previous study (1) but are included for comparison.
an additional increase (P < 0.001) between 10 days and 7 weeks (Fig. 1 ). The change in V max with time was slightly more erratic than the changes in maximum diastolic potential and total action potential amplitude ( Fig. 2) . Mean V max of Purkinje fibers in preparations excised 3 days after coronary artery occlusion was significantly greater than the mean value we reported for preparations at 24 hours (P < 0.001) (1). However, instead of finding a continuous increase in V max with time, the mean value at 4 days was slightly but significantly less than the mean value at 3 days (P < 0.02). This unexpected decrease in mean V max was only evident in Purkinje fibers in the 4-day infarcts. The mean value at 10 days was significantly greater than that at 4 days (P < 0.05) but was not significantly different from the value at 3 days. Thereafter, mean V max increased further, and in the preparations studied 7 weeks after coronary artery occlusion it was significantly greater than V max of Purkinje fibers in the preparations studied at 10 days (P < 0.001).
Circulation Research, Vol. 36, January 1975 However, even at this time mean V max was still significantly lower than it was in normal noninfarcted preparations (P < 0.001) ( Fig.  2) .
Surviving subendocardial Purkinje fibers with severely depressed transmembrane action potential parameters, i.e., maximum diastolic potential < -70 mv,_ action potential amplitude < 100 mv, and V max < 100 v/sec, were found much less frequently 3 days, 4 days, 10 days, and 7 weeks after coronary artery ligation than was reported for infarcted preparations studied at 24 hours (1). Furthermore, severely depressed subendocardial Purkinje fibers demonstrating spontaneous diastolic depolarization, which were found in infarcted preparations at 24 hours, occurred only infrequently at 3 days and not at all in preparations studied at 4 days, 10 days, or 7 weeks.
Subendocardial Purkinje fibers that survived in infarcts studied 3 days to 7 weeks after coronary artery ligation not only demonstrated persistent reduction of the parameters just described but were also characterized by an altered time course of repolarization. This abnormality of action potential duration also changed with increasing time after coronary artery occlusion ( Fig. 3 ). In each group of infarcted preparations, surviving subendocardial Purkinje fibers had mean Change in action potential duration (APD) measured to 100% repolarization (left) and 50% repolarization (right) of surviving subendocardial Purkinje fibers with increasing time after coronary artery ligation. Column heights represent mean values for the most superficial subendocardial Purkinje fibers (first cell layer) in six normal noninfarcted preparations (solid columns) and in the infarcted regions of each group of infarcted preparations (ruled columns) studied at the times indicated on the abscissa. Brackets indicate ± SE. N = the number of impalements from which mean values were calculated. Values for Purkinje fibers in infarcts excised 24 hours after coronary artery ligation are from our previous study (1) but are included for comparison. values for action potential duration measured to 100% repolarization that were significantly greater than the mean value in the normal noninfarcted preparations (P << 0.001 at all time intervals). The variations in time to 50% repolarization which were noted as the infarcts aged were more erratic (Fig.  3 ). For both 50% and 100% repolarization, mean values were greatest in infarcts studied 3 days after coronary artery occlusion; they were not only significantly longer than normal but were also significantly prolonged compared with the mean values in infarcts studied at 24 hours (P << 0.001 for both comparisons) ( Fig. 3) (1). In 3-day infarcts we occasionally recorded Purkinje fiber action potentials with a total duration greater than 600 msec. This increase in duration was due to a lengthening of both the plateau phase 2 and the terminal repolarization phase 3 of the action potential (see inset, Fig. 9B ). In infarcts studied later than 3 days, action potential durations of surviving subendocardial Purkinje fibers decreased. Four days after coronary artery occlusion, mean durations measured to 100% repolarization and to 50% repolarization were significantly less than the mean values at 3 days (P « 0.001 for both comparisons); a further statistically significant decrease occurred by 10 days (P « 0.001 for both comparisons) ( Fig. 3 ). Of particular note was the observation that, even though the mean value for total duration at 10 days was still significantly greater than normal, the mean value for 50% repolarization at this time was significantly less than normal (P « 0.001) ( Fig. 3 ). This decrease of time to 50% repolarization reflected the abbreviated phase 2 or plateau which characterized the action potentials of many surviving Purkinje fibers at this time, even though the terminal repolarization phase was prolonged (see inset, Fig. 9C ). Seven weeks after coronary artery occlusion, the mean value for total action potential duration had decreased significantly from the value at 10 days (F < 0.001), although total action potential duration at 7 weeks was still significantly longer than normal (Fig. 3) . In contrast, the mean value for 50% repolarization at this time was not significantly different from normal (Fig. 3) . Therefore, there was a significant increase in the mean value for 50% repolarization between 10 days and 7 weeks (P « 0.001) (see inset, Fig. 10 ).
STRUCTURE OF SUBENDOCARDIAL PURKINJE FIBERS AND VENTRICULAR MUSCLE CELLS IN REGIONS OF EXTENSIVE MYOCARDIAL INFARCTION
Correlations between
Electrophysiology and Histology.-Histological examination of all infarcted preparations at the conclusion of the electrophysiological studies revealed homogeneous cellular changes indicative of myocardial infarction extending through two-thirds to the complete thickness of each preparation. Noninfarcted regions in which transmembrane action potentials could be recorded from at least 15-20 subendocardial fibers during electrophysiological study (tip of the anterior papillary muscle and basal interventricular septum) failed to demonstrate such changes and were sharply demarcated from the surrounding infarcted areas.
Three and 4 days after coronary artery occlusion, all muscle cells in the infarcted areas were deeply eosinophilic, with complete loss of nuclei and cross-striations ( Fig.  4A ). Many of these cells were obviously fragmented and partially phagocytosed. An inflammatory infiltrate consisting of polymorphonuclear leukocytes, lymphocytes, macrophages, and proliferating fibroblasts was evident throughout the subendocardium. In contrast to the deeper-lying fibers, the most superficial subendocardial cells (one to four cells in depth beneath the endocardial surface) appeared intact and presented a normal histological appearance. These superficial fibers, in which nuclei, myofibrils, and cross-striations were plainly evident, were separated from the subjacent necrotic tissue by a widened tissue space. This space could have been a reflection of edema or a sectioning artifact (Fig. 4A) .
In preparations studied 10 days after coronary artery occlusion, the major part of the infarcted muscle was replaced by young proliferating fibrous tissue, although scattered islands of disrupted but recognizable ventricular muscle were present (Fig. 4B) . The most superficial subendocardial fibers were still intact and normal in appearance. In most areas only one to four intact fibers were found beneath the endocardial surface (Fig.  4B ). Unlike the 3-day preparations, these superficial intact fibers were not separated from the underlying tissue by an expanded space. Instead, the proliferating fibrous tissue extended to the endocardium, enmeshing the subendocardial cells in dense collagen (Fig. 4B ). Photomicrographs of the subendocardial region of infarcted myocardium. Histology of tissue was examined after in vitro electrophysiological studies had been completed. A: Tissue taken from a 3day-old infarct. The endocardial surface is at the top where an inflammatory infiltrate is located (I). Beneath this infiltrate are two layers of myocardial fibers which are normal in appearance (NM). The deeper infarcted fibers stain more darkly and have lost their central nuclei. Many of these cells are fragmented (IM). B: Tissue taken from a 10-day-old infarct. The endocardial surface is at the top; beneath it, there are three to four layers of intact myocardial fibers (NM). Note the normally appearing central nuclei and intercalated disks. Much of the underlying muscle has already been replaced by fibrous tissue (FT) but some infarcted ventricular muscle still persists in the lower part of the micrograph (IM). C: Tissue taken from a 7-week-old infarct. The endocardial surface is at the top. Beneath the surface are approximately two to four surviving layers of myocardial fibers with a normal appearance (NM). These fibers are separated from the ventricular cavity by dense fibrous tissue (FT), and all deeper muscle in the infarcted region has been replaced by organized fibrous tissue. By 7 weeks after coronary artery occlusion, virtually all muscle in the infarcted region was replaced by organized fibrous tissue (Fig. 4C ). The superficial subendocardial fibers in these preparations still appeared intact and normal.
Correlations between Electrophysiology and Ultrastructure.-The present investigation was designed to study the ultrastructure of subendocardial fibers in an infarct after characterizing the electrophysiology of these fibers during in vitro study. Consequently, to ascribe any observed ultrastructural abnormalities to phenomena resulting from the coronary artery occlusion, it was first necessary to delineate those alterations of fine structure in subendocardial Purkinje fibers and ventricular muscle cells which resulted from prolonged superfusion of myocardium with oxygenated Tyrode's solution. Furthermore, since we were particularly interested in the effects of infarction on suben-Circulation Research, Vol. 36, January 1975 docardial Purkinje fibers, we first had to characterize the ultrastructure of this tissue in normal nonsuperfused myocardium. Despite numerous reports in the literature on the ultrastructure of Purkinje fibers in the main bundles of the human and canine ventricular specialized conducting system (10-14), we have found no studies describing the ultrastructure of the peripheral subendocardial ramifications of this system specifically.
In samples of normal myocardium from the anterior and posterior papillary muscles and the left ventricular free wall adjacent to the anterior papillary muscle which were fixed immediately after excision of the heart, two distinct populations of subendocardial fibers were found (Fig. 5) . Their ultrastructural features corresponded to those previously described for Purkinje fibers (10) (11) (12) (13) (14) and ventricular muscle cells (15) . Cells which appeared to be Purkinje fibers occurred as aggregates or bundles, one to four cells in 134 FRIEDMAN, FENOGLIO, WIT
FIGURE 5
A: Subendocardial Purkinje fibers (first subendocardial cell layer) from the left ventricular free wall adjacent to the anterior papillary muscle in a normal heart. Tissue was fixed immediately after excision of the heart. These fibers resemble Purkinje fibers in the His bundle and false tendons. Note the absence of transverse tubules. Mf = myofibrils, G = glycogen, Me and solid arrow = mitochondria, black and white arrows = intercalated disks, and N = nucleus. See text for further description. B: Ventricular muscle cells from the left ventricular free wall adjacent to the anterior papillary muscle of a normal heart. These fibers were located in the third (upper right), fourth (middle), and fifth (lower left) subendocardial cell layers and were fixed immediately after excision of the heart. Myofibrils fill these cells, and they are all oriented precisely in the same direction, with sarcomeres in register. A single centrally located fusiform nucleus (N) containing finely granular chromatin can be seen. The mitochondria (Me) are arrayed in palisades which separate adjacent bundles of myofilaments and are less pleomorphic than the mitochondria Circulation Research, Vol. 36, January 1975 thickness, and were always found interposed between the endocardium and the deeperlying tissue (Fig. 5A) . These fibers were enveloped by a scant matrix of collagen and, depending on orientation to the plane of sectioning, appeared variously as round to ovoid or elongated and serpentine in shape. They were characterized by numerous bundles of myofibrils which lacked any uniform orientation, either an eccentric or a centrally located single nucleus, and extensive "clear" areas of cytoplasm which contained abundant glycogen deposits (Fig. 5A ). Mitochondria in the subendocardial Purkinje fibers varied greatly in both size and shape; some were relatively large (> 1.5/u. in greatest dimension) and irregularly shaped and contained many cristae, whereas others were smaller (> 0.25/Lt in greatest dimension) and circular in profile and contained but a single crista. Elements of the sarcoplasmic reticulum were seen throughout these fibers. Tubular invaginations of the sarcolemma were also encountered, but definitive transverse tubules were notably absent (Fig. 5A) . The intercalated disks were, for the most part, obliquely oriented and very complex in appearance with numerous interdigitations of apposing cell surfaces (Fig. 5A) . These fibers, therefore, were identical in appearance to Purkinje fibers in the more proximal segments of the ventricular specialized conducting system (10) (11) (12) (13) (14) .
Superfusion for 8-10 hours with oxygenated Tyrode's solution had no effect on the fine structure of the subendocardial Purkinje fibers (Fig. 6 ). Moreover, ultrastructural identification of the most superficial subendocardial fibers in superfused tissue as elements of the ventricular specialized conducting system was corroborated by our electrophysiological studies, during which transmembrane action potentials characteristic of Purkinje fibers were always recorded from the most superficial cells (Fig. 6, inset) .
Cells with all of the fine structural features described for working ventricular muscle (15) were located subjacent to the subendocardial Purkinje fibers and were separated from these latter fibers by a narrow extracel-lular space except for occasional points at which the two appeared to join (Fig. 5B) . The most superficial subendocardial ventricular muscle cells (usually the third, fourth, or fifth subendocardial cell layer, as determined by their characteristic ultrastructural features and action potential configurations) were unaffected by prolonged superfusion (Fig. 7A) . Increasingly severe abnormalities attributable to superfusion were seen, however, in the deeper-lying ventricular muscle cells. At approximately the level of the tenth to fifteenth subendocardial cell layer, alterations in fine structure were confined to slight vacuolization of the sarcoplasm and disruption of occasional mitochondria. In other respects, cells at this depth were normal in appearance ( Fig. 7B) . At depths greater than the fifteenth subendocardial cell layer, these abnormalities became increasingly marked. Beneath the twentieth to twenty-fifth cell layer, where a well-defined demarcation was noted, the cellular architecture of all fibers was severely and uniformly disrupted. These marked fine structural alterations were not observed in ventricular muscle cells at comparable depths in myocardium that had not been subjected to in vitro superfusion with oxygenated Tyrode's solution.
Subendocardial cardiac fibers in infarcted regions that were examined by electron microscopy at the conclusion of the in vitro electrophysiological studies demonstrated ultrastructural abnormalities that were not observed in fibers at comparable depths in the control regions of these preparations. Since subendocardial fibers in infarcted myocardium were identical in appearance whether they were examined before or after the in vitro electrophysiological studies, the observed alterations of fine structure were, therefore, assumed to be manifestations of infarction rather than the result of any peculiar vulnerability of these fibers to prolonged superfusion with oxygenated Tyrode's solution.
Regardless of the time between coronary artery occlusion and in vitro electrophysiological study (24 hours to 7 weeks), transmembrane action potentials characteristic of of Purkinje fibers. Glycogen is present in the axial sarcoplasm and scattered among the myofibrils. Note the presence of transverse tubules (arrow) and the associated subsarcolemmal cisterna. These are characteristically located at the level of the Z-bands (Z). L = a lipid droplet. Subendocardial ventricular muscle cells from the same control noninfarcted region as the subendocardial Purkinje fiber shown in Figure 6 . Tissue was fixed after 8 hours ofsuperfusion. A:
Ventricular muscle cells in the third (upper left) and fourth (lower right) subendocardial cell layers. B: Ventricular muscle cells in the ninth (upper right) and tenth (lower left) subendocardial cell layers. Black and white arrow = swollen mitochondrion, and solid arrow = vacuole. Insets at lower right of each section show transmembrane action potentials recorded from ventricular muscle cells in the fourth (A) and tenth (B) cell layers of the same control region during the in vitro electrophysiological studies. These action potentials, and all others recorded at comparable depths in this region, demonstrated configurations which were typical of ventricular muscle cells.
characterized by all of the previously described morphological stigmas of irreversible cell injury (7, 8) . Twenty-four hours after coronary artery occlusion the nuclei of such Circulation Research, Vol 36, January 1975 cells resembled pale, empty sacs, with nuclear chromatin clumped around the periphery (Fig. 8) . Glycogen was absent, the sarcoplasmic reticulum was no longer identifiable,
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Ventricular muscle cell (third subendocardial cell layer) in the infarcted region (base of anterior papillary muscle) 24 hours after coronary artery occlusion. Tissue was fixed for electron microscopy after initial electrophysiological study in vitro. During these studies, no electrical activity could be detected at this site at depths greater than the first subendocardial cell layer. N = nucleus, Me = disrupted mitochondrion, and arrow = intramitochondrial granule. See text for further description. Inset shows higher magnification of a portion of another cell located at the same depth; apparent sarcolemmal discontinuities are present (arrow). and mitochondria appeared variously as contracted structures with dark matrixes or as swollen and disrupted structures with electron-lucent matrixes. Dense, irregularly shaped intramitochondrial granules were evident in both types (Fig. 8 ). Myofibrils showed evidence of disintegration, appearing indistinct and fragmented, with numerous separations of the myofilaments. In addition, apparent discontinuities were noted in the sarcolemmas of these cells, and intracellular organelles were often seen extending through these discontinuities into the extracellular space (Fig. 8, inset) . As the infarcts aged, the irreversibly injured cells were replaced by granulation tissue. By 3 days after coronary artery occlusion ventricular muscle cells in the subendocardial regions of the infarct were even more disrupted than they had been at 24 hours, and by 10 days after coronary artery occlusion most of the subendocardial ventricular muscle was replaced by collagen.
Unlike subendocardial ventricular muscle cells in infarcted regions, subendocardial Purkinje fibers in such regions did not dem-onstrate morphological evidence of irreversible cell injury. Sites in the infarct at which transmembrane action potentials were recorded from one or several subendocardial Purkinje fibers but not from ventricular muscle cells during in vitro study corresponded to regions which, by electron microscopy, demonstrated morphologically intact subendocardial Purkinje fibers overlying irreversibly injured and disrupted ventricular muscle. These surviving subendocardial Purkinje fibers, however, could be distinguished from Purkinje fibers in the control region by both their characteristically altered transmembrane action potentials and their distinctive ultrastructural appearance.
When examined by electron microscopy, the most striking feature of surviving subendocardial Purkinje fibers 24 hours and 3 days after coronary artery occlusion was an extraordinary intracellular accumulation of lipid. This accumulation was present throughout the cell and appeared either as solitary droplets scattered in the midst of the myofibrils or as groups of droplets clustered in the clear areas of cytoplasm ( Fig. 9A and  B ). In other respects these surviving fibers appeared remarkably similar to those in the control noninfarcted regions. Occasional disrupted mitochondria and scattered instances of vacuolization of the cytoplasm were noted. However, the vast majority of mitochondria appeared normal, glycogen was present, and there were no nuclear or sarcolemmal abnormalities ( Fig. 9A and B ).
Significant accumulation of lipid was also present in the surviving Purkinje fibers 10 days after coronary artery occlusion but was not noted uniformly in all of them as in the more acute infarcts. Occasionally the most superficial subendocardial Purkinje fibers (first cell layer) failed to demonstrate any lipid accumulation at all or contained only sporadic droplets (Fig. 9C ). Those fibers which contained the most lipid usually were located in the second or third subendocardial cell layers. By other criteria, Purkinje fibers in the 10-day infarcts resembled those at 24 hours or at 3 days. Infarcts studied 7 weeks after coronary artery occlusion were characterized by dense collagen throughout the subendocardium which completely encircled the surviving subendocardial Purkinje fibers, often forming septa which partitioned adjacent fibers from each other (Fig. 10 ). Most of these surviving fibers did not demonstrate significant accumulation of lipid, in contrast to those in the more acute infarcts (Fig. 10 ). Scattered single lipid droplets, however, were occasionally seen in the deeper-lying fibers. In other respects, these fibers resembled normal subendocardial Purkinje fibers.
We also examined the ultrastructure of the intercalated disks of surviving subendocardial Purkinje fibers in infarcted regions to determine whether alterations in this structure might be related to the electrophysio- Surviving subendocardial Purkinje fiber (first subendocardial cell layer) in the infarcted region at the base of the anterior papillary muscle 7 weeks after coronary artery occlusion. Inset shows a transmembrane action potential recorded during in vitro electrophysiological study from a surviving subendocardial Purkinje fiber (first cell layer) at the same site as that from which the fiber in the accompanying micrograph was obtained. In the inset, the horizontal trace is a reference line denoting zero potential; the solid trace is the action potential of the fiber in the infarct, and it is superimposed on an action potential recorded from a normal subendocardial Purkinje fiber at a comparable site in a noninfarcted preparation (broken trace). Note that the action potential of the fiber in the infarct was nearly normal in configuration. The fiber is encircled by collagen (C), but no lipid is present. A fibroblast (Fb) and a capillary (Cp) can be seen.
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• * -. Segments of intercalated disks from a subendocardial Purkinje fiber in the control noninfarcted region of an infarcted preparation (A) and a surviving subendocardial Purkinje fiber in the infarcted region 10 days after coronary artery occlusion (B). Tissue was fixed for electron microscopy after 9 hours of superfusion with oxygenated Tyrode's solution. In both A and B the macula adherens (D), fascia adherens (F), nexus (arrow), and undifferentiated region of the disk are identifiable and normal in appearance. C-F are all at the same degree of magnification. They show the nexus in subendocardial Purkinje fibers in a control region (C) and in the infarcted region 24 hours (D), 3 days (E), and 7 weeks (F) after coronary artery occlusion. At 24 hours and 3 days, these structures are indistinguishable from nexuses in control fibers or in fibers from the more chronic infarcts. logical abnormalities which these fibers demonstrated (Fig. 11) . The intercalated disks of surviving subendocardial Purkinje fibers 24 hours to 7 weeks after coronary artery occlusion did not demonstrate any ultrastructural abnormalities by the techniques employed in this study (Fig. 11B ). This lack of any obvious defect was true for all component structures (11, 13, 14, 16) including the gap junctions which are presumed to be sites of low-resistance electrical coupling between excitable cells (17) (Fig. 11C-F ).
Discussion
Subendocardial Purkinje fibers surviving
Circulation Research, Vol. 36, January 1975 in areas of extensive myocardial infarction may be responsible for the cardiac arrhythmias that occur in dogs 24 hours after coronary artery ligation (1) (2) (3) . The results of the present study indicate that these fibers continue to survive for at least 7 weeks after coronary artery occlusion. Thus, death of the subendocardial Purkinje fibers is not responsible for the disappearance of arrhythmias in the infarcted canine heart.
In our previous study we indicated that canine Purkinje fibers surviving in infarcted regions 24 hours after coronary artery occlusion have abnormally low mean values for maximum diastolic potential, action poten-tial amplitude, and V max as well as prolonged action potential durations (1) . All measurements were made after an initial 60-minute period of equilibration. These abnormalities were not reversed by prolonged superfusion with oxygenated Tyrode's solution for as long as 12 hours. Lazzara et al. (3) , however, have stated that after approximately 60 minutes of superfusion with Tyrode's solution maximum diastolic potential, action potential amplitude, and V max return to normal, although action potential duration remains prolonged. Our results are not necessarily in disagreement. We mapped the entire infarcted subendocardium at 5-10-mm intervals, recording action potentials from 200-500 cells in each experiment, and reported data for the first subendocardial layer. In some regions of the 24-hour infarct, values for maximum diastolic potential, action potential amplitude, and V max of the surviving Purkinje fibers were comparable to normal values, whereas in other regions these values were consistently depressed for the duration of the study (1) . All degrees of depression were found within a single infarct. It is not clear from the study by Lazzara et al. (3) whether extensive samples of action potential characteristics were obtained from the entire infarcted region. If they were not, moderately or severely depressed regions could have been neglected.
The results of the present study indicate that over a period of 7 weeks after coronary artery occlusion the marked electrophysiological abnormalities that characterize surviving Purkinje fibers during the arrhythmic phase change significantly, although none of the action potential parameters returns fully to normal. Also, the time course and the direction of change is not identical for each parameter. Maximum diastolic potential, action potential amplitude, and V max all improve steadily whereas action potential duration becomes even more prolonged at 3 days before it shortens toward normal. The spontaneously occurring rapid repetitive activity which is found in surviving subendocardial Purkinje fibers in vitro at 24 hours is also absent at the later times. We do not know whether this absence is related to any of the changes in action potential characteristics.
The factors responsible for the alterations of the electrophysiological properties of sub-endocardial Purkinje fibers surviving in infarcted regions 24 hours after coronary artery occlusion are unknown, as are the factors responsible for the time-dependent changes that occur over the ensuing 7 weeks. We have previously suggested that the loss of electrotonic interactions between underlying ventricular muscle which dies after coronary artery occlusion and subendocardial Purkinje fibers which survive results in the prolongation of action potential duration in the infarcted region (1) . The progressive shortening of action potential duration with time after 3 days indicates that this loss of electrotonic interaction between ventricular muscle fibers and Purkinje fibers is not the (only) reason for prolongation of action potential duration in the early stages.
Derangements in the structure of cardiac fibers caused by ischemic myocardial injury might also be expected to have a profound effect on their electrophysiological properties. We, therefore, employed electron microscopy in an attempt to determine whether ultrastructural alterations in the subendocardial Purkinje fibers correlate with the electrophysiological abnormalities. One pitfall in any attempt to correlate in vitro microelectrode recordings from single cells with subsequent electron microsopic examination of the tissue is the possibility that structural artifacts may arise during the course of the electrophysiological studies. The problem of recognizing such artifacts becomes even more complex when, as in the present study, pathological rather than normal tissue is examined. Since autolytic changes in cardiac muscle can closely mimic the changes which occur secondary to ischemia (18), a detailed description of the nature and the extent of superfusion artifacts in our isolated preparations was necessary for the purposes of the present study. Our results indicated that prolonged superfusion with oxygenated Tyrode's solution did, in fact, have a negligible effect on the fine structure of the superficial subendocardial fibers which were the subject of our electrophysiological studies (approximately the first to fifth cell layers) and only a moderate effect on fibers in the fifth to fifteenth cell layers.
The sole ultrastructural abnormality that characterized surviving subendocardial Purkinje fibers in the infarcted regions was a striking accumulation of large numbers of Circulation Research, Vol. 36, January 1975 lipid droplets. This lipid accumulation was most pronounced 24 hours and 3 days after coronary artery occlusion, at which time the surviving Purkinje fibers demonstrated extraordinarily prolonged action potential durations and markedly reduced maximum diastolic potentials, action potential amplitudes, and deplorization velocities. It remains to be determined whether the onset of lipid accumulation coincides temporally with the appearance of these electrophysiological abnormalities. However, lipid accumulation was much less uniform in surviving subendocardial Purkinje fibers 10 days after coronary artery occlusion and was even less apparent by 7 weeks. The time course of disappearance of these lipid deposits, therefore, corresponded approximately to the improvement that occurred in the transmembrane action potentials of surviving fibers with increasing time after coronary artery occlusion. We do not know whether these observations are related or coincidental. Subendocardial Purkinje fibers may be nourished by blood from the coronary circulation as well as by left ventricular cavity blood and may, as a result, become relatively ischemic following coronary artery occlusion. Under such conditions cardiac muscle fibers are known to accumulate free fatty acids and neutral fat intracellularly (19-21). It has been proposed that excessive intracellular accumulation of free fatty acids may lead to the formation of cation salts which exert a detergent action on the sarcolemma (22). This phenomenon could have a profound effect on the ionic currents that flow during the generation of an action potential. Alternatively, these structural and electrophysiological abnormalities may simply be independent manifestations of insufficient energy stores to meet the metabolic demands of the ischemic cells.
Twenty-four hours or more after coronary artery occlusion in the dog, electrical activity cannot be recorded from ventricular muscle cells in the infarcted region (1, 3, 4) . As shown by electron microscopy in the present study, these cells demonstrated striking nuclear, mitochondrial, myofibrillar, and sarcolemmal defects. Previous investigations on the fine structural effects of temporary as compared with permanent coronary artery occlusion have indicated that these ultrastructural abnormalities are morphological manifestations of irreversible cell injury (7, Circulation Research, Vol. 36, January 1975 8). These studies, however, did not attempt to correlate the presence of such defects with the electrophysiological properties of affected cells. Although one may be able to define a set of structural criteria indicative of irreversible injury, conclusions cannot be drawn about the functional status of cells on the basis of the presence of these criteria alone. Our results indicate that ventricular muscle cells which demonstrate these structural changes are incapable of generating any electrical activity and, thus, are functionally dead. 
